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The masses of the D∗s0(2317) and Ds1(2460) resonances lie below the DK and D
∗K thresholds
respectively, which contradicts the predictions of naive quark models and points out to non-negligible
effects of the D(∗)K loops in the dynamics of the even-parity scalar (Jpi = 0+) and axial-vector
(Jpi = 1+) cs¯ systems. Recent lattice QCD studies, incorporating the effects of the D(∗)K channels,
analyzed these spin-parity sectors and correctly described the D∗s0(2317)−Ds1(2460) mass splitting.
Motivated by such works, we study the structure of the D∗s0(2317) and Ds1(2460) resonances in
the framework of an effective field theory consistent with heavy quark spin symmetry, and that
incorporates the interplay between D(∗)K meson-meson degrees of freedom and bare P-wave cs¯
states predicted by constituent quark models. We extend the scheme to finite volumes and fit the
strength of the coupling between both types of degrees of freedom to the available lattice levels,
which we successfully describe. We finally estimate the size of the D(∗)K two-meson components in
the D∗s0(2317) and Ds1(2460) resonances, and we conclude that these states have a predominantly
hadronic-molecular structure, and that it should not be tried to accommodate these mesons within
cs¯ constituent quark model patterns.
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I. INTRODUCTION
The D∗s0(2317) and Ds1(2460) mesons were discovered
in 2003, the first one by the BaBar Collaboration
in the D+s pi
0 invariant mass spectrum with Jpi = 0+
quantum numbers [1] and the second one by the Cleo
Collaboration in the Jpi = 1+ sector analyzing the
D∗+s pi
0 channel [2]. The states quickly raised attention
due to their narrow widths and low masses: theD∗s0(2317)
meson has a width of Γ < 3.8 MeV (95% CL) and
a mass of 2317.7 ± 0.6 MeV, 40 MeV below the DK
threshold, while the Ds1(2460) width and mass are Γ <
3.5 MeV (95% CL) and M = 2459.5± 0.6 MeV, 45 MeV
below the D∗K threshold. Such low values could not be
accommodated in the predictions of the so far fruitful
quark models [3–8] and lattice QCD calculations [9–
15], that expected these resonances to lie well above the
respective D(∗)K thresholds.
The presence of the heavy charm quark in the Ds
states implies the validity, up to ΛQCD/mQ corrections,
of Heavy Quark Spin Symmetry (HQSS) [16–20], with
mQ the heavy quark mass (the charm quark mass in
this case), and ΛQCD a typical scale related to the
dynamics of the light degrees of freedom. Thus, in
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good approximation, the spin of the heavy quark sQ
is decoupled from the total angular momentum of the
light degrees of freedom jq¯, and hence they are separately
conserved. This gives rise to the arrangement of charmed-
strange mesons in doublets, classified by the total angular
momentum and parity, jpiq¯ , of their light degrees of
freedom content, and with total spin J = jq¯ ± 1/2
and parity pi. For the P-wave Ds mesons, the expected
HQSS doublets are,1 on the one hand, jpiq¯ =
1
2
+
with
Jpi = 0+, 1+ mesons, which in S-wave couple to DK and
D∗K, respectively; and, on the other hand, j+q¯ =
3
2
+
with
Jpi = 1+, 2+ mesons, where the 1+ (2+) meson can couple
to D∗K (DK and D∗K) in D-wave. Axial 1+ states will
also couple toD∗K states in D-wave. In addition,D(∗)K∗
pairs in S and D waves might also couple to the latter Ds
states, but however the dynamics of these pairs will not
be governed by chiral symmetry since light-vector mesons
are involved.
Experimentally, the positive parity jq¯ =
1
2 doublet
would be composed of the D∗s0(2317) and Ds1(2460)
mesons, which were expected to be almost degenerated
and broad, decaying to D(∗)K through S-wave. How-
ever, neither of these two properties are empirically ob-
1 The parity of the light degrees of freedom in this case is +, that
corresponds to an odd parity s¯ antiquark orbiting in P wave
around the heavy quark c, while the total angular momentum
of the light degrees of freedom is determined by the sum of the
spin 1/2 of the s¯ antiquark and its orbital angular momentum
(` = 1).
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2served. This caused an intense debate on the nature of
the resonances, producing a wide variety of interpreta-
tions among which we highlight their assignment to cs¯
states [21–23] and two-meson or four-quark systems [24–
37].
The latest lattice QCD (LQCD) simulations [38–40]
have achieved a good description of these charmed-
strange resonances when DK interpolators are included
in the set of used operators. Notably, the mass of the
D∗s0(2317) was found to be overestimated if the DK
interpolators were omitted, which gives further support
to the idea of a necessary interplay between constituent
quark model (CQM) configurations and nearby D(∗)K
thresholds.
On the other hand, if one accepts the predictions
of generally successful CQMs, one should expect the
charmed-strange Jpi = 0+ ground state to lie much closer
to the DK threshold than the physical D∗s0(2317), so
the latter meson pair could act as an essential dynam-
ical agent to reduce the mass of the bare meson state
closer to the experimental value, as suggested by some au-
thors [41]. Hence, in this picture, the physical D∗s0(2317)
resonance would be the result of a strong renormaliza-
tion of a bare cs¯ component, rather than a new dynam-
ical state generated from a strongly attractive DK in-
teraction. Nevertheless, since the required renormaliza-
tion would be quite significant, one would expect, even
in this context, that the D∗s0(2317) resonance will ac-
quire a sizable two-meson molecular probability. Indeed,
the low-lying P-wave charmed-strange mesons were stud-
ied in Ref. [42] employing a widely used CQM [43–45],
where the coupling between the quark-antiquark and
meson-meson degrees of freedom was modeled with the
3P0 transition operator [46]. In that work, where all the
parameters were constrained from previous studies on
hadron phenomenology, the bare 13P0 cs¯ state
2 devel-
oped a large mass-shift as a consequence of its coupling
with the DK−meson pair, becoming its mass closer to
that of the physical D∗s0(2317) resonance. On the other
hand, the dressed state contained a large molecular com-
ponent that gave rise to a DK−meson pair probability of
around 33% [42] in the final configuration of the meson.
In sharp contrast, the LQCD energy-levels reported
in Refs. [39, 40] were analyzed in Ref. [47], employing
an auxiliary potential method, where DK molecular
probabilities for the D∗s0(2317) much higher, of the order
of 70%, were found. This result was consistent with
the previous values obtained in Ref. [48]. The authors
of this work performed a LQCD calculation of several
heavy-light meson–Golstone boson scattering lengths,
that they used to fit the LECs entering in the unitarized
next-to-leading (NLO) heavy meson chiral perturbation
2 We use the nomenclature n 2S+1L2J+1 for the radial, spin,
orbital and total angular momentum quantum numbers of a
quark-antiquark state. In addition the parity of the state is
(−1)L+1.
theory (HMChPT) coupled-channel T−matrix derived
in Ref. [49]. The latter amplitudes were employed to
estimate the D∗s0(2317) molecular component. These
high values for the DK probabilities3 are similar to
those obtained in Ref. [51] from the analysis of the
experimental DK invariant mass spectra of the reactions
B+ → D¯0D0K+, B0 → D−D0K+ [53] and Bs →
D¯0K−pi+ [54] measured by the BaBar and LHCb
Collaborations, respectively. In all cases an enhancement
right above the threshold is seen and it is related in
Ref. [51] to the presence of the D∗s0(2317). The latter
is dynamically generated when the leading order (LO)
HMChPT amplitudes are used as the kernel of a Bethe-
Salpeter equation (BSE), whose renormalized solutions
fulfill exact elastic unitarity in coupled-channels.
The predominantly molecular structure of the
D∗s0(2317) and Ds1(2460) resonances has recently re-
ceived an indirect robust theoretical support in Refs. [55,
56] (see also the review of Ref. [57]). In the first of these
two references, the heavy-light pseudoscalar meson Jpi =
0+ scattering in the strangeness-isospin (S, I) = (0, 1/2)
sector was studied, and a strong case for the existence of
two poles in the D∗0(2400) energy-region was presented.
The affirmative evidence came from a remarkably good
agreement between a parameter-free predicted low-lying
levels calculated using NLO HMChPT unitarized ampli-
tudes [49] and the LQCD results reported in Ref. [58].
The dynamical origin of this two-pole structure was elu-
cidated from the light-flavor SU(3) structure of the in-
teraction, and it was found that the lower pole would
be the SU(3) partner of the D∗s0(2317). Thus, this latter
state will have also clear hadron-molecular origin. A sim-
ilar pattern was found for Jpi = 1+ and in the bottom
sector. This in fact might solve a long-standing puzzle in
charm-meson spectroscopy, since it would provide an ex-
planation of why the masses, quoted in the PDG [59], of
the non-strange mesons D∗0(2400) and D1(2430) are al-
most equal to or even higher than their strange siblings.
In the second reference [56], it is shown that the well-
constrained amplitudes for Goldstone bosons scattering
off charm mesons used in Ref. [55] are fully consistent
with recent high quality data on the B− → D+pi−pi−
and B0s → D¯0K−pi+ final states provided by the LHCb
experiment in Refs. [60] and [54], respectively. Indeed,
all these results suggest a new paradigm for heavy-light
meson spectroscopy that questions their traditional qq¯
CQM interpretation [56].
Most of these latter works [48, 51, 55, 56] do not
incorporate explicitly the bare cs¯ degrees of freedom,
whose effects are, in principle, encoded in the low
energy constants (LECs) that appear beyond LO in
3 Note that Ref. [48] made use of the Weinberg compositeness
rule [50], which relates this probability to the scattering length
in the limit of small binding energies. However, the works of
Ref. [47, 51] employed a generalization [52] that remains valid
for bound states, independently of their distance to threshold.
3the chiral expansion, and in the non-perturbative re-
summation employed to restore elastic coupled-channels
unitarity. However, and depending on the proximity of
the CQM states to the energy-region under study, this
approximation might not be sufficiently accurate.
Such radically different pictures of the inner structure
of the D∗s0(2317) makes timely a re-analysis of this
resonance, paying special attention to the interplay
between meson molecular and CQM degrees of freedom.
We will employ here the scheme designed in Ref. [61]
for its bottom heavy-flavor partner, and we will try
to describe the charm 0+ and 1+ LQCD energy-
levels obtained in Ref. [38]. Such comparison will also
serve to further4 constrain/determine the LECs that
appear in the approach. The scheme of Ref. [61]
started from a unitary ansazt for the heavy-light-meson-
Goldstone-boson 0+ and 1+ amplitudes, based on LO
HMChPT B¯(∗)K interactions, and computed for finite
volumes. In addition, and for the very first time in this
context, the two-meson channels were coupled to the
corresponding CQM P-wave B¯s scalar and axial mesons
using an effective interaction consistent with HQSS.
In the mQ → ∞ limit and besides HQSS, Quantum
Chromodynamics (QCD) acquires also an approximate
heavy flavour symmetry that ensures that the dynamics
of the system containing a single heavy quark is, up to
O(ΛQCD/mQ) corrections, independent of the flavor of
the heavy quark [20]. As a consequence, the bottom-
strange and charm-strange systems are expected to have
a similar behavior. Hence, the analysis of the Bs low-
lying spectrum carried out in Ref. [61], can be readily
used here to study the charmed-strange jpiq¯ =
1
2
+
HQSS
doublet.
The recent LQCD simulation of Ref. [38] reported
finite volume energy-levels from a high statistics study of
the Jpi = 0+ and 1+ charmed-strange mesons, D∗s0(2317)
and Ds1(2460), respectively, where the effects of the
nearby DK and D∗K thresholds were taken into account
by employing the corresponding four-quark operators. As
we will discuss below, the work of Ref. [38] represents a
clear improvement on the pioneering ones of Refs. [39,
40]. Some of the energy-levels reported in Ref. [38] lie in
the proximity of, when not above, the expected CQM
bare masses of the ground scalar and axial charmed-
strange states, being thus interesting to include explicitly
these degrees of freedom in the scheme, since their effects
might not be properly taken into account by simply
including LECs. Moreover, in the present study, we will
also include the next (S = 1, I = 0) higher thresholds,
D
(∗)
s η, since they appear at energies below some of the
finite-volume levels computed in Ref. [38].
This work is structured as follows. After this Intro-
duction, the theoretical formalism is described in Sec. II,
4 As it will be discussed below, LECs in the charm and bottom
sectors might be related by heavy-quark flavor symmetry.
where details about the D(∗)K and D(∗)s η scattering am-
plitudes, the coupling of the meson-pair degrees of free-
dom with the bare CQM cs¯ spectrum, the restoration of
unitarity and the extension of the scheme to finite vol-
ume are discussed. In Sec. III our results for the finite vol-
ume 0+ and 1+ energy levels are presented and compared
with the ones reported in Ref. [38]. The properties of
the D∗s0(2317) and Ds1(2460) mesons, in particular their
molecular content, are discussed in this section. We also
compute the energy levels obtained using the unitarized
NLO HMChPT amplitudes derived in Refs. [48, 49], and
extensively compare the predictions of this latter scheme
with those deduced by including a bare CQM pole. The
section concludes with predictions for DK S-wave scat-
tering phase-shifts, and a discussion about a few aspects
of the renormalization dependence of the results obtained
in this work. The conclusions and a summary of results
are presented in Sec. IV. Finally, in Appendix A, we
briefly study the relation between the NLO LECs deter-
mined in Ref. [48] and the parameters of the bare CQM
pole found in this work.
II. S-WAVE GOLDSTONE BOSON
SCATTERING OFF PSEUDOSCALAR AND
VECTOR CHARM MESONS: THE (S, I) = (1, 0)
SECTOR
As mentioned in the Introduction, we will extend the
formalism of Ref. [61] for the B¯(∗)K and bs¯ system to
the charm sector. We will briefly review here the most
relevant aspects, paying attention to the inclusion of the
D
(∗)
s η channels, whose counterparts were not considered
in Ref. [61].
A. Interactions
We are interested in the S-wave Goldstone boson
(K+, K0 and η) scattering off charm mesons P
(∗)
a ≡
(D0(∗), D+(∗), D+(∗)s ). We will generically refer as φ to
the former mesons and P (∗) to the latter ones. The
heavy-light charm mesons are described in terms of HQSS
matrix field Ha,
Ha =
1 + /v
2
(
P ∗aµγ
µ − Paγ5
)
, (1)
with vµ the four-velocity of the heavy mesons, and a a
light-flavor SU(3) index. The HQSS field combines the
isospin doublet and singlet of pseudoscalar heavy-mesons
P
(c)
a =
(
cu¯, cd¯, cs¯
)
fields and their vector HQSS partners
P
∗(c)
a . Transformations of these fields under parity and
heavy spin and chiral rotations can be found for instance
in Ref. [61]. The Weinberg-Tomozawa Lagrangian (WTL)
describes the S-wave P (∗)φ chiral interaction at LO, and
4it reads [62–65],
Lχ = i
2
Tr
(
H¯aHbv
µ
[
ξ†∂µξ + ξ∂µξ†
]b
a
)
, (2)
with H¯a = γ0H†aγ
0 the hermitian conjugate of Ha, and
ξ the Goldstone-boson matrix field given by [63],
ξ = exp
(
i
M˜√
2f
)
, (3)
with normalization f ∼ 93 MeV and the matrix M˜ reads,
M˜ =

pi0√
2
+ η8√
6
+ η1√
3
pi+ K+
pi− − pi0√
2
+ η8√
6
+ η1√
3
K0
K− K¯0 −
√
2
3η8 +
η1√
3
 ,
(4)
where we explicitly consider the η1 and η8 unflavored
SU(3) states. Note that in our normalization the heavy-
light meson field, H, has dimensions of E3/2 (see Ref. [20]
for details). This is because we use a non-relativistic
normalization for the heavy mesons, which differs from
the traditional relativistic one by a factor
√
MH . On the
other hand, within the HQSS formalism, the even parity
CQM bare cq¯ states, associated to the jpiq¯ =
1
2
+
HQSS
doublet, are described by the matrix field Ja [66],
Ja =
1 + /v
2
(
Y ∗aµγ5γ
µ + Ya
)
, (5)
with vµY ∗aµ = 0. The Ya and Y
∗
a fields respectively
annihilate the 0+ and 1+ bare states belonging to the 12
+
doublet. Since in this work we will be interested in the
(S, I) = (1, 0) sector, in what follows and for simplicity
we will denote Y
(∗)
cs¯ as Y
(∗). The mass of CQM bare
states,
◦
mcs¯, is a renormalization-dependent parameter of
the scheme [67] that will be discussed below. At LO in
the heavy quark expansion, there exists only one term
invariant under Lorentz, parity, chiral and heavy quark
spin transformations [61],
L = ic
2
Tr
(
H¯aJbγ
µγ5
[
ξ†∂µξ − ξ∂µξ†
]b
a
)
+ h.c. , (6)
where c is a dimensionless undetermined LEC that
controls the strength of the vertex. This LEC, though
it depends on the orbital angular momentum and radial
quantum numbers of the CQM state, is in principle
independent of the spin of the quark-model heavy-light
meson, and of the light SU(3) flavor structure of the
vertex. Thus, up to ΛQCD/mQ corrections, it can be
used both for J = 0 and J = 1 in the charm and
bottom sectors. Moreover, in the SU(3) limit, the same
LEC governs the interplay between two-meson and quark
model degrees of freedom in all isospin and strangeness
channels. This LEC was found to be c = 0.74 ± 0.05 in
Ref. [61] from a fit to the LQCD isoscalar bs¯ 0+ and 1+
energy-levels computed in Ref. [68].
Let us consider the transitions involving pseudoscalar
(P ) heavy-light and Goldstone (φ) mesons,
PIφI → PFφF , (7)
for which the tree level isoscalar5 amplitude (Vc) deduced
from the WTL of Eq. (2) reads [69]
Vc(s, u) = −A (s− u)
2f2
,
A =
(
1
√
2/3√
2/3 0
)
,
(8)
where channels 1 and 2 are DK and Dsη, respectively, s
and u are the usual Mandelstam variables and we have
considered the η − η′ ideal mixing [70]6,
η8 =
2
√
2
3
η − 1
3
η′,
η1 =
1
3
η +
2
√
2
3
η′.
(9)
After projecting into J = 0, we replace
(s− u)
2
→ 3s
2 − sΣ−∆I∆F
4s
(10)
with Σ = (M2I +m
2
I +M
2
F +m
2
F ) and ∆I(F ) = (M
2
I(F )−
m2I(F )), where MI(F ) and mI(F ) are the masses of the
initial (final) heavy-light charm and Goldstone mesons,
respectively.
The WTL leads to similar isoscalar amplitudes for the
transitions involving vector (P ∗) heavy-light mesons,
P ∗I φI → P ∗FφF . (11)
5 The phase convention for isospin states |I, I3〉 used in this
work is u¯ = |1/2, 1/2〉 and d¯ = −|1/2, 1/2〉, which implies
|D+〉 = − ∣∣ 1
2
,+ 1
2
〉
, while the other meson states are defined with
a positive sign in front of the |I, I3〉 state. Moreover, we use the
order DK, as in Ref. [69], to construct the isoscalar amplitudes.
6 The ideal mixing-angle turns out to be around −19.5 degrees,
while the global fit to determine the η − η′ mixing angle carried
out in [71] provided a value of −13.3(5) degrees. There is an
abundant literature on this subject, and more recent theoretical
works (see for instance [72] and references therein) found higher
absolute values for the mixing-angle, and therefore closer to the
ideal one. Thus for instance, the authors of Ref. [73] quoted
−16.2+2.8−2.9 degrees. Fine details of the η−η′ mixing are irrelevant
for the exploratory study carried out in this work, since, as we
will see, the influence of the D
(∗)
s η channels on the D
∗
s0(2317) and
Ds1(2460) dynamics is quite small, and can be taken into account
by mild variations of the rest of the LECs of the scheme. Thus,
for simplicity, we find sufficiently accurate to adopt the ideal
mixing scheme. However, η− η′ mixing fine details are certainly
relevant for studies on the number of colors and/or pion mass
dependencies of the properties of these resonances, as the one
carried out in [72], where mpi is extrapolated until values close
to 700 MeV.
5Indeed, one gets in this case a potential7 like that of
Eq. (8), supplemented by a term −I · F , where I(F ) is
the polarization four-vector of the initial (final) heavy-
light meson. This latter factor reduces, at LO, to 1
after projecting into J = 1 (S-wave, i.e., zero orbital
angular momentum). In summary, the amplitudes given
in Eq. (8), together with the projection implicit in
Eq. (10) provide the coupled-channel contact potential,
Vc(s), both in the 0
+ and 1+ sectors.
Next, we consider transitions between CQM bare
states [Y (∗)] and P (∗)φ meson pairs, Y (∗) → P (∗)φ. From
Eq. (6) we find
Vcs¯(s) = −A˜ ic
f
√
M
◦
mcs¯
s+m2 −M2√
s
,
A˜ =
(
1
1√
6
)
,
(12)
with M an m the masses of the P (∗) and φ mesons,
respectively.
Note that, here, by bare mass, we mean the mass
of the CQM states when the LEC c is set to zero,
and thus it is not a physical observable. In the sector
studied in this work, the coupling to the P (∗)φ meson
pairs renormalizes this bare mass, as we will discuss
below. Since, in the effective theory, the ultraviolet (UV)
regulator is finite, the difference between the bare and
the physical resonance masses is a finite renormalization.
This shift depends on the UV regulator since the bare
mass itself depends on the renormalization scheme. The
value of the bare mass, which is thus a free parameter, can
either be indirectly fitted to experimental observations,
or obtained from schemes that ignore the coupling to the
mesons, such as some CQMs. In this latter case, the issue
certainly would be to set the UV regulator to match the
quark model and the HMChPT approaches [67].
The vertices in Eq. (12) can be used to compute the
contribution [Vex(s)] to P
(∗)φ scattering via the exchange
of intermediate even-parity charmed-strange mesons. It
is given by [61, 67]
Vex(s) =
Vcs¯(s)V
†
cs¯(s)
s− ( ◦mcs¯)2
. (13)
Finally, the full effective potential, V (s), consistent with
HQSS is given by
V (s) = Vc(s) + Vex(s), (14)
that incorporates the interplay between meson-pairs and
CQM degrees of freedom in the P (∗)φ dynamics [67].
Note that Vc(s) is obtained from Vc(s, u) in Eq. (8)
using the projection implicit in Eq. (10). The LO
potentials, Vc(s) and Vex(s), are identical in the heavy-
quark limit in both the 0+ and 1+ sectors. Here, we
7 Now channels 1 and 2 are D∗K and D∗sη, respectively.
will include some HQSS breaking corrections stemming
from the mass difference between pseudoscalar and vector
heavy-light mesons and the masses of scalar and axial
CQM bare states. The scheme derived here is similar to
that followed in Ref. [61], though here the D
(∗)
s η channel
has been also included, while the counterpart of this
channel in the bottom-strange sector was not considered
in the latter work.
B. Unitarity in coupled-channels
Elastic unitarity in coupled channels is restored by
solving for each Jpi sector a BSE, using as kernel the
HQSS effective potential of Eq. (14). The BSE is solved
within the so-called on-shell approximation [74] and using
a Gaussian cut-off, Λ, to regularize/renormalize its UV
behaviour. Thus, the unitary scattering amplitude T (s)
in coupled channels is obtained from the matrix equation
T−1(s) = V −1(s)−G(s), (15)
where G(s) is the regularized (Λ) two-meson loop
function. Normalizations are fixed thanks to the relation
between the S and T−matrices, and the relation of the
latter matrix with phase-shifts [δ(s)] and inelasticities
[η(s)]. Namely, we use
S(s) = I− i
8pi
Σ
1
2 (s)T (s)Σ
1
2 (s)
η(s)e2iδa(s) = 1− iΣa
8pi
Taa(s), a = 1, 2 , (16)
with Σ(s) = diag (σ1(s), σ2(s)) and the function σi(s) is
defined as:
σi(s) =
λ1/2(s,M2a ,m
2
b)
s
Θ
[
s− (Ma +mb)2
]
i = 1, 2 ,
(17)
where λ(x, y, z) = x2 + y2 + z2 − 2xy − 2xz − 2yz
and (a, b) = (D(∗),K) and (D(∗)s , η) for i = 1 and 2,
respectively. Thus, unitarity in coupled-channels can be
expressed as
ImT−1(s+ i) = −ImG(s+ i) = Σ(s+ i)
16pi
. (18)
The expression for G was given in Eqs. (14) and (15) of
Ref. [61] for the B(∗)K pair, and here in coupled channels
it is trivially modified to compute any of the elements of
the diagonal matrix G(s) = diag
[
GD(∗)K(s), GD(∗)s η
(s)
]
.
C. CQM states
We have seen that through the coupling of the CQM cs¯
and the P (∗)φ degrees of freedom, the effective interaction
incorporates a term (Vex(s)) driven by the exchange of
bare CQM states (Y (∗)). Such a term introduces a pole
6in the two-meson tree-level amplitudes, Eq. (14), located
at the bare mass value,
√
s =
◦
mcs¯. As already mentioned,
it should be interpreted as the mass of the CQM state
in the limit of vanishing coupling to the P (∗)φ meson-
pairs (c → 0), and therefore it is not an observable.
The interaction with the meson cloud dresses the CQM
state through loops [Eq. (15)], renormalizing its mass,
and the dressed state might also acquire a finite width,
when it is located above threshold. At energies far enough
◦
mcs¯, the contribution of Vex can be regarded as small
contact interaction that can be accounted for by means
of a LEC. However, the exchange contribution becomes
more important for higher energies approaching
◦
mcs¯, and
its energy dependence might then not be safely ignored.
A priori, the value of
◦
mcs¯ is a free parameter of the
present approach, and moreover it should depend on the
renormalization scheme [67]. We will take predictions
from quenched CQMs, which in principle do not include
couplings with nearby meson-meson channels. In the
Jpi = 0+ sector, quark models predict, in general,
cs¯ bare masses well above MD + mK , which lead to
attractive Vex exchange interactions at DK threshold,
which might help in forming the D∗s0(2317) resonance.
Most quark models predict masses in the range of 2.45−
2.51 GeV for the 13P0 cs¯ state [3, 6–8], significantly far
from the D∗s0(2317) experimental mass. With the aim
of improving these predictions, some other models [5,
23] incorporated a one-loop correction diagram to the
one-gluon exchange (OGE) potential, adding a spin-
dependent term to the quark-antiquark potential which
affects mesons with different flavor quarks, such as the cs¯
mesons. In these works, it is shown that this correction
is rather small except for the 0+ sector, where large
shifts are found and the mass of the CQM 13P0 state
is significantly lowered (∼ 100 MeV). Indeed, it is found
in the 2.35-2.38 GeV region—closer to but still above
the experimental D∗s0(2317) mass. Nevertheless, these
predicted states would be still above the DK threshold
and their width would be large due to the decay into
final DK, and difficult to reconcile with the experiment
that currently provides an upper bound of a few MeV
for its total width,8 as mentioned in the Introduction.
Moreover, quark models including these modified OGE
potential will still face difficulties to describe the Jpi = 1+
sector, where these corrections are quite small, and the
experimental mass pattern is similar to that found in the
isoscalar-scalar sector.
One should bear also in mind, as the one-loop OGE
correction brings the bare state closer to the DK
threshold, the interplay between the two-meson channel
8 Being the D∗s0(2317) resonance located below the DK threshold,
all its hadronic decays are suppressed by isospin symmetry.
Depending on different dynamical assumptions, decay widths,
within molecular schemes, from 10 keV to more than 100 keV
have been predicted [75–77].
and the CQM degrees of freedom might have a major
impact on the description of the resonance properties and
LQCD energy-levels.
Thus, in this study we will explore both types of
CQMs. On one side, we will take the
◦
mcs¯ values for
the jpiq¯ =
1
2
+
charmed-strange meson doublet predicted
in the CQM calculations of Refs. [45, 78] (Set A in
Table I). Such CQM is based on the assumption that
the light constituent quark mass and the exchange of
pseudo-Goldstone bosons arise as a consequence of the
spontaneous breaking of the chiral symmetry in QCD.
Besides, the dynamics is completed with a perturbative
OGE potential and a non-perturbative screened confining
interaction [43, 45]. On the other hand, another set of
bare masses (Set B in Table I) will be employed, predicted
within the same CQM but supplemented by the one-
loop OGE corrections derived in Ref. [5] (see Ref. [78]
for further details).
In contrast to the bottom sector studied in Ref. [61], we
see in Table I how the values of the bare masses lie close
to the D
(∗)
s η threshold and, consequently, this channel
has been incorporated to the formalism.
[Set A] [Set B]
Jpi
◦
mcs¯
◦
mcs¯ (MD(∗) +mK) (MD(∗)s
+mη)
0+ 2510.7 2382.9 2362.8 2516.1
1+ 2593.1 2569.7 2504.2 2660.0
1+ − 0+ 82.4 186.8
TABLE I. The two sets of
◦
mcs¯ CQM bare masses and the
D(∗)K and D(∗)s η averaged threshold energies (in MeV units)
used in this work, taken from Ref. [78]. In addition, we take
an average kaon mass of mK = 495.6 MeV.
D. NLO corrections
We will also use the O(p2) (NLO) HMChPT ampli-
tudes derived in Ref. [49], with LECs determined from
the lattice calculation in Ref. [48] of the S-wave scat-
tering lengths in several (S, I) sectors. After unitariza-
tion, the scheme provides an accurate description of
the Pφ interactions in coupled channels. For instance,
as it is shown in Ref. [55] and already mentioned in
the Introduction, the finite volume energy-levels in the
(S, I) = (0, 1/2) channel calculated with the unitarized
O(p2) amplitudes, without adjusting any parameter, are
in an excellent agreement with those recently reported
by the Hadron Spectrum Collaboration [58]. These chiral
amplitudes predict the existence of two scalar broad res-
onances, instead of only one, with masses around 2.1 and
2.45 GeV, respectively [55]. The lower pole would form,
together with the D∗s0(2317) (also correctly predicted in
[55]), a SU(3) 3 multiplet. This scheme provides also an
excellent description of the recent LHCb data [60] on the
7B− → D+pi−pi− final states and give solution of a num-
ber of puzzles [56]. Moreover, these NLO unitarized am-
plitudes have been used in Ref. [79], as input of coupled-
channel Muskhelishvili-Omne`s integral equations, whose
solutions produced scalar form factors of the semileptonic
heavy meson decays D → pi ¯`ν`, D → K¯ ¯`ν`, B¯ → pi`ν¯`
and B¯s → K`ν¯` in good agreement with LQCD and light-
cone sum rule predictions.
The consideration of the contributions from explicit
exchanges of CQM states, in addition to the LO HM-
ChPT amplitudes, contemplated in the previous subsec-
tions provides a different perspective to the physiognomy
of the P (∗)φ interactions. Thus, it is worth discussing
if there exists an energy-regime where the LO & CQM
scheme might mimic the NLO amplitudes, and when
the CQM effects cannot be properly accounted for by
the LECs that appear beyond LO in the chiral expan-
sion. Such study could provide further insights on the
energy range of applicability of the unitarized effective
theory. Hence, in addition to results obtained with a LO
& CQM interaction, we will also show results from the
(S, I) = (1, 0) NLO input derived in Refs. [48, 49], and
will compare both sets of predictions with the LQCD
energy-levels reported in Ref. [38].
E. Poles, couplings and the compositeness
condition for bound states
The interplay between meson-meson and CQM cs¯
states might dynamically generate new states that arise
as poles of the scattering amplitudes on the complex
s−plane. There exist two thresholds s(1,2)+ ,
s
(1)
± ≡ (MD(∗) ±mK)2 , (19)
s
(2)
± ≡
(
M
D
(∗)
s
±mη
)2
, (20)
where, for future purposes we have also defined s
(1,2)
− .
Bound states are identified as poles of the scattering
amplitudes located on the real axis, below the lowest
threshold, s
(1)
+ , on the first Riemann sheet (FRS).
Additionally, resonances are identified with poles on
the second Riemann sheet (SRS) of the amplitudes, below
the real axis and above s
(1)
+ . In our two-channel problem,
Riemann sheets (RSs) are denoted as (ξ1 ξ2), ξi = 0, 1,
and are defined in the whole complex plane through
analytical continuations of the loop functions [80]:
Gii(s)→ Gii(s) + iσi(s)
8pi
ξi, s ∈ C , (21)
where the cuts for σi(s) go along the real axis for
−∞ < s < s(i)− and s(i)+ < s < ∞. The function is
chosen to be real and positive on the upper lip of the
second cut, s
(i)
+ < s < ∞. Therefore, σi(s) satisfies
0 6 σi(s+ i) = −σi(s− i) for s(i)+ 6 s ∈ R .
With all these definitions, (00) is the physical RS, while
the SRS is defined by requiring continuity across the
unitarity cut between its fourth quadrant and the first
one of the FRS. Therefore, the definition of the SRS of the
amplitudes varies below and above the highest threshold
(branch point of the T−matrix) [80], and it corresponds
to (10) or (11) when the real part of s is above s
(1)
+ , but
below s
(2)
+ , or above both thresholds, respectively (see
Ref. [80] for some more details).
The mass and the width of the bound state/resonance
can be found from the position of the pole on the complex
energy plane. Close to the pole, the T -matrix behaves as
Tij(s) ' gigj
s− sR . (22)
The quantity
√
sR = MR − iΓR/2 provides the mass
(MR) and the width (ΓR) of the state, and gi is the
complex coupling of the resonance to the channel i that
it is obtained from the residue. The residues can be
used to get information on the compositeness of the
bound states. Motivated by the Weinberg compositeness
condition [50, 81, 82], the probability of finding the
D(∗)K or D(∗)s η molecular component in the bound state
wave function is given by [52, 83],
Pj = −g2j
∂Gj
∂s
∣∣∣∣
s=M2b
, (23)
where Mb is the bound state mass. The energy depen-
dence of the potential produces probabilities in Eq. (23)
that deviate from one. We will restrict the discussion
to the case of bound states. The evaluation of Eq. (23)
for resonances gives rise to complex values of Pj , loosing
then a straightforward probabilistic interpretation. (Fur-
ther details can be found, for instance, in section 4.2 of
Ref. [67]. See also Refs. [84, 85].)
F. Finite volume and details of the simulation of
Ref. [38]
As mentioned in the Introduction, the simulation of
Ref. [38] reported finite volume energy-levels from a
high statistics study of the D∗s0(2317) and Ds1(2460)
resonances, taking into account effects of the nearby
DK and D∗K thresholds by employing appropriate four-
quark operators. Six ensembles with Nf = 2 non-
perturbatively O(a) improved clover Wilson sea quarks
at lattice-spacing a = 0.071 fm were employed in
Ref. [38], covering different spatial volumes and pion
masses: linear lattice size (L) of 1.7 fm to 4.5 fm were
realized for mpi = 290 MeV and 3.4 fm and 4.5 fm
for an almost physical pion mass of 150 MeV. Thus,
the work of Ref. [38] represents a clear improvement on
the pioneering ones of Refs. [39, 40], where an ensemble
with mpi = 156 MeV, at a fairly coarse lattice spacing
of a = 0.09 fm and a small spatial lattice extent of
8L = 2.9 fm (Lmpi = 2.29) were analyzed using the
effective range approximation to extract infinite volume
results. Thus, the use of a finer lattice spacing in Ref. [38]
is important since discretization effects can be substantial
for observables involving charm quarks, while exploring
the dependence on the spatial volume is needed, since
contributions which are exponentially suppressed in Lmpi
(that are ignored in the Lu¨scher formalism) may not be
small for Lmpi = 2.29.
Nevertheless, we should warn the reader that by
employing Nf = 2 dynamical fermions, effects arising
from strange sea quarks are omitted in Ref. [38], with the
expectation that the valence strange quark provides the
dominant contribution. This seems to be the case, as can
be inferred from Fig. 10 of this latter reference, where the
splittings found in Ref. [38] of the two lowest states, with
the noninteracting threshold for the scalar and axial-
vector channels, for mpi = 290 MeV and 150 MeV and
various volumes are compared to the mpi = 156 MeV
2+1 dynamical quarks results obtained in Ref. [40] for
Lmpi = 2.29. The latter single-volume splittings lie in the
volume-dependence curves derived in Ref. [38], but with
significant larger errors. Firstly because the number of
gauge configurations used in Ref. [38] is around one order
of magnitude larger than that computed in Ref. [40], and
secondly, perhaps, as consequence of the discretization
errors that should be higher in this LQCD simulation (see
for instance the sizable breaking of Lorentz symmetry in
the heavy-light meson dispersion relation given in Eq. (2)
and Table VI of Ref. [40]).
To compare with the energy-levels reported in Ref. [38],
we consider our scheme, based on unitarized HMChPT
and the contribution of CQM states, in a cubic box
of side L, and periodic boundary conditions for the
fields. The three momentum is quantized ~q = 2piL ~n
(~n ∈ Z3). The integrals in the loop functions G(s)
are replaced by their finite volume versions, G˜(s, L) =
diag
[
G˜D(∗)K(s, L), G˜D(∗)s η
(s, L)
]
[86, 87], involving the
sum over all possible ~q,
G˜j(s, L) =
1
L3
∑
~n∈Z3
Ω(~q )e−2(~q
2−~k 2)/Λ2
s−
[
ω
P
(∗)
j
(~q ) + ωφj (~q )
]2 ,
Ω(~q ) =
ω
P
(∗)
j
+ ωφj
2ω
P
(∗)
j
ωφj
,
(24)
where ωi(~q ) =
(M2i + ~q 2) 12 , with Mi the mass of the
heavy-light meson or the Goldstone boson for i = P (∗) or
φ, respectively. (We have adopted relativistic dispersion
relations as in Ref. [38].) Up to the order considered in
this work, there are no finite volume corrections to the
potential, so the full volume dependence is carried by the
loop function G˜ defined in a finite box. The T -matrix in
finite volume, T˜ (s, L), is given by,
T˜−1(s, L) = V −1(s)− G˜(s, L) . (25)
Thus, the energy-levels E(L) (s = E2, E ∈ R) are
computed from the poles of T˜ (s, L) for each size of the
box. The spectrum becomes discrete, with levels that,
in principle, can be associated to two-meson (P (∗)φ)
scattering states. In the non-interacting case, the free
energies, Efree
D(∗)K(~q ) and E
free
D
(∗)
s η
(~q ) are recovered,
Efreej = ωP (∗)j
(~q ) + ωφj (~q ). (26)
Hence, the continuous volume dependent curves that will
be presented below are essentially the Lu¨scher curves
obtained from the phase shift by solving
δ(q) + φ(qˆ) = npi (27)
with qˆ = qL/2pi and φ(qˆ) determined by the Lu¨scher
function (see Eq. (6.13) of Ref. [88]).
On the other hand, for a proper comparison with the
results of Ref. [38], it is necessary to use the lattice
meson masses obtained in that simulation. That work
reported two different sets of results that correspond to
two different pion masses used to compute the energy-
levels. We will label here the two sets of LQCD levels
by Ensembles I and II, for mpi = 290 MeV and 150
MeV, respectively. We take the pi, K, D and D∗ masses,
for the different box-sizes considered in each of the
ensembles, from Table I of Ref. [38]. Besides, the 0−
and 1− D(∗)s masses for the Ensemble II are taken from
Table VII (L/a = 64) of Ref. [38], while for Ensemble
I the masses of the charmed-strange heavy-light mesons
have been obtained using the values of (m0+ −m0−) and
(m1+ −m1−) displayed in Fig. 13 of the latter reference,
and taking for the m0+ and m1+ masses the L/a = 64
values reported in Table III of the same work (Ref. [38]).
Hence, we neglect any dependence on L in the masses of
0− and 1− cs¯ ground states.9 The masses used in this
work are compiled in Table II.
The mass of the η meson is not reported in Ref. [38]
either, so we estimated its value, as function of the vol-
ume and pion mass, using the Okubo mass formula [89]
as follows
mlatη = m
exp
η +m
lat
8 −mexp8 , (28)
with m28 = 4(m
2
K − m2pi)/3. Finally for unphysical pion
masses, the CQM bare masses are also corrected using
the difference between the experimental and lattice spin-
averaged Ds masses,
9 It is not straightforward to extract the masses of the 0− and 1−
D
(∗)
s mesons, for each of the pion masses and volumes studied in
Ref. [38], from the results reported in that work. Note, however,
that volume effects in the mases of these mesons are expected to
be even smaller than for the D−meson, and that these masses
enter only through the small effects originated from the coupled-
channels dynamics, when the D
(∗)
s η components are considered.
9TABLE II. LQCD masses (in MeV units) of the 0− and
1− D(∗)s mesons used in this work. They have been obtained
from Tables III, VII and Fig. 13 of Ref. [38] [we always use the
results corresponding to the highest volume (L/a = 64); see
discussion in the text for details]. We also give experimental
masses, taken from the Review of Particle Physics [59], and
the difference between the experimental and lattice spin-
averaged Ds masses.
Ensemble I Ensemble II Exp
MDs 1978(4) 1976.9(2) 1968.28
MD∗s 2100(7) 2094.9(7) 2112.1
M¯exp − M¯ lat 5(5) 9.6(7)
◦
m
lat
cs¯ =
◦
mcs¯ +M¯
lat − M¯ exp, (29)
with M¯ = (MDs + 3MD(∗)s
)/4.
Uncertainties in all input lattice mesons masses (Table
I of Ref. [38] and Table II of this work), as well as in
◦
m
lat
cs¯ , are taken into account in the error budget of our
final results, as we will detail in the next section.
To end this subsection, we would like to stress that
considering the LQCD meson masses, for finite volumes
and unphysical pions, it is important to set up correctly
the thresholds and to properly compute the loop function
in a finite box. However, the current approach will still
suffer from some systematic errors, mostly because we
have not considered the dependence of the Goldstone
decay constant, that appear in the WTL interaction,
on the volume and the unphysical pion mass (such
information is not given in Ref. [38]), and we still use its
value in the infinite-volume chiral limit.10 Nevertheless,
some of this dependence might be partially reabsorbed in
the parameters fitted to the LQCD energy-levels, and we
certainly benefit from the fact that the pions simulated
in Ref. [38] are quite light and close to the physical one.
III. RESULTS AND DISCUSSION
A. LO HMChPT+CQM analysis
1. Fit details
The S-wave D(∗)K interaction in the LO+CQM
interaction scheme depends on three, a priori, free
parameters: the Gaussian cut-off Λ, the LEC c (Eq. (12))
10 We have simplified the discussion and have focused on f . An
accurate treatment might require to go beyond LO in the chiral
expansion, which in turn might create some problems of double
counting with the contribution from CQM states. We will come
back to this point below.
and the masses of the bare CQM cs¯ state,
◦
mcs¯.
Nevertheless, we will consider different CQM meson
masses in the 0+ and 1+ sectors (Sets A and B in Table I),
as discussed in Sec. II C.
To determine the values of the LEC c, that controls
the interplay between CQM and meson-pairs degrees of
freedom, and the Gaussian cut-off, we perform, for each
set (A and B) of bare CQM masses and lattice ensembles
(I and II) a combined fit to the 0+ and 1+ energy-levels,
using an uncorrelated merit function defined as,
χ2 =
∑
i
(
Elati − Ethi
∆Elati
)2
, (30)
where the sum spans over the 0+ and 1+ energy-levels
compiled in Table III of Ref. [38]. For both 0+ and 1+
sectors, only two energy-levels for each volume are fitted.
We have not considered in the fits the third 1+ level given
in the last column of that table. It is rather insensitive to
the spatial volume, suggesting only a small coupling to
the D∗K threshold and, in Ref. [38], it is identified with
the Ds1(2536) resonance, that would presumably have a
large overlap with the jpiq¯ =
3
2
+
HQSS state.
We show in Figs. 1 and 2 the 0+ and 1+ energy-
levels obtained using sets A and B of CQM bare masses,
respectively. Fitted parameters and best fit χ2/dof
values are collected in Table III.
We see that the Set A of bare CQM masses provides
a fairly good description of the volume dependence of
the LQCD energy-levels in both the Jpi = 0+ and
1+ sectors, despite the large deviations from the free
levels. There exists a very mild dependence of the UV
cutoff and LEC c on the pion mass, which however is
not statistically significant. The D
(∗)
s η coupled channel
effects are negligible, except perhaps for the highest levels
calculated with the heaviest pion mass ensemble at the
smallest of the volumes, since that threshold is located
sufficiently more higher than the measured levels in
Ref. [38]. (Note that D
(∗)
s η correlators are not considered
in the LQCD study of the latter reference.) We find
c = 0.61(9) and Λ = 710(70) MeV from the fit to the
lightest pion mass ensemble. This parameter was also
determined in Ref. [61] from a similar analysis of the
LQCD low-lying 0+ and 1+ Bs−energy-levels calculated
in Ref. [68]. There, it was found c = 0.75(6), with an UV
cutoff in the range 620-770 MeV, which points out to
some small dependence of the LEC c on the heavy-flavor
mass.
On the other hand, when the Set B of 0+ and
1+ CQM bare masses are used, we find unacceptable
fits, with χ2/dof values above 18 for both pion mass
ensembles. Indeed, as can be seen in Fig. 2, the set B
leads to a really poor description of the LQCD data.
For the latter, the HQSS breaking corrections thus
look i) compatible with those encoded in the current
scheme when the Set A of bare masses is used, but ii)
much smaller than those implemented by the Set B of
bare masses. The one-loop corrections [5] to the OGE
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FIG. 1. Black points: LQCD Jpi = 0+ (bottom panels) and Jpi = 1+ (top panels) energy-levels, taken from Ref. [38], for different
volumes and pion masses. LQCD data for Ensembles I and II are depicted in the left and right panels, respectively. Solid lines:
Energy-levels obtained from 0+ and 1+ combined fits to Ensembles I and II using the Set A of CQM bare masses, as a function
of the box-size, L (some volume interpolated meson masses are used to compute the continuous energy-levels for values of L
different than those employed in Ref. [38]). Details of the fits and some derived quantities are collected in Table III. Statistical
68%-confident level (CL) bands are also shown. They are calculated from the distributions obtained from a sufficiently large
number of fits to synthetic sets of LQCD data, randomly generated assuming that each of the LQCD energy-levels is Gaussian
distributed. (Note that possible correlations between the different energy-levels are not considered, since these are not provided
in Ref. [38].) In addition, in all synthetic fits, the LQCD meson masses for each volume are randomly chosen as well. For
comparison, the free energies Efreej , j = D
(∗)K,D(∗)s η, for each volume and set of LQCD meson masses are also shown (dashed
lines).
potential implemented in Ref. [78] produce a 1+ − 0+
shift of the bare CQM masses of around 190 MeV,
while it is around only 80 MeV when these corrections
are neglected (see Table I). This is because, as we
already mentioned, this correction mostly affects the
0+ sector [5]. Actually, because of the denominator in
Eq. (13) and for fixed c and Λ, the decrease of the 0+
bare mass produces an enhancement of the attraction
close to the DK threshold from the exchange of the CQM
state. This effect is much less important in the 1+ sector,
and thus the current scheme using Set B of bare masses
produces a visible tension between the predicted 0+ and
1+ levels and the LQCD data (Fig. 2). The scheme
tends to overestimate (underestimate) the attraction in
the former (latter) energy-levels by around 10-20 MeV,
amount significantly larger than the errors of the LQCD
data. Therefore, this study strongly disfavors the bare
masses found in Ref. [78], where the one-loop corrections
derived in Ref. [5] are taken into account. These one-
loop corrections to the OGE potential produced a much
smaller HQSS breaking of the bare masses in the bottom
sector, and thus nothing statistically meaningful could
be concluded about this issue in the analysis carried
out in Ref. [61] of the Bs−energy-levels reported in
Ref. [68]. Due to the former discussion, we will always
make reference to the results obtained from the Set A of
CQM bare masses in the rest of the work.
Next, and once the parameters of the model have been
fixed, we search for poles in the FRS (bound states)
and SRS (resonances) of the isoscalar S-wave D(∗)K
and D
(∗)
s η amplitudes for the infinite volume case and
using physical meson masses. For both sets of CQM bare
masses, and in both Jpi = 0+ and 1+ sectors, we find a
bound state (FRS) and a resonance (SRS). The masses
and couplings [see Eq. (22)] of the lowest-lying jpiq¯ =
1
2
+
charm-strange meson doublet are compiled in Table III,
together with the 0+ and 1+ isoscalar D(∗)K scattering
lengths and the probabilities of the molecular D(∗)K and
D
(∗)
s η components [see Eq. (23)]. The properties of the
additional 0+ and 1+ states, resonances located above
the D(∗)K threshold, are compiled in Table IV for the
different schemes presented in the previous table.
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FIG. 2. Same as Fig. 1, but in this case the predictions have been obtained using the Set B of CQM bare masses.
2. Properties of the lowest-lying states: masses, molecular
probabilities and couplings
We first pay attention to the mesons of the lowest-lying
jpiq =
1
2
+
Ds doublet. We see that the predicted mass of
the 0+ bound state, using Set A of CQM bare masses, is
only around 15 MeV higher than the experimental mass
of the D∗s0(2317) and 75-80 MeV smaller than the CQM
bare mass, while that of the 1+ nicely agrees, taking into
account the errors, with the experimental mass of the
Ds1(2460) state. Nevertheless, this level of discrepancy
can be well attributed to the presence of discretization
errors, or some uncertainties in the determination of
the mass of the charm quark in the lattice simulation.
Actually, the results compiled in Table I of Ref. [38]
show discrepancies of the order of 10 MeV between the
experimental masses of the D and D∗ mesons and the
LQCD ones, determined from the lightest quark mass,
which provides almost physical pion masses. We should
also note some differences (1-2 σ’s) between the 0+ and
1+ masses found in this work and those reported in Table
VII of Ref. [38], taken from the mpi = 150 MeV and
L = 64a ensemble. These might be due to the use here of
physical meson masses, and also because the LQCD ones
are accessed via the Lu¨scher’s relation [Eq. (27)] using
the effective range approximation. The approach followed
here, where the two meson loop function is computed in
a finite volume, the unknown LECs are determined from
fits to the LQCD data, and finally poles are searched
for in the infinite volume unitarized chiral amplitudes,
provides a theoretically sound tool to analyze the LQCD
energy-levels. A good example of the latter affirmation
can be found in Ref. [55], where such approach led to
the existence of two D∗0(2400)−poles, instead of only
one reported in the original lattice work of the Hadron
Spectrum Collaboration [58], where the LQCD energy-
levels were calculated (see also the discussion in Ref. [56],
where it is emphasized how the two-pole pattern of the
D∗0(2400), together with their SU(3) structure, provides
a natural solution to a number of puzzles).
Interestingly, we appreciate in Fig. 1 a quite significant
dependence of the lowest-lying LQCD energy-levels on
the pion mass (differences between left and right plots),
as it is also evident in the results of Table IV of Ref. [38].
Thus, the LQCD 0+ and 1+ masses reported in that
table vary between 30 to 50 MeV, when the pion mass is
reduced from 290 MeV down to 150 MeV. These changes
are likely related to the modifications of the DK and
D∗K thresholds. All of this clearly indicates that the
D∗s0(2317) and Ds1(2460) states should have a sizable
molecular component, and that any CQM cs¯ component
in their dynamics cannot be dominant, because it
could not accommodate such visible dependence of their
masses on the light quark mass, as exhibited by the
LQCD data. These findings are corroborated by the
molecular probabilities collected in Table III. Using the
modified Weinberg compositeness condition of Eq. (23),
we derive the molecular S-wave D(∗)K probabilities for
the D∗s0(2317) and Ds1(2460), which turn out to be
around 65% and 56% for the scalar and axial states,
respectively. On the other hand, D
(∗)
s η components are
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TABLE III. Best fit LO+CQM parameters, together with infinite volume properties (masses, D(∗)K and D(∗)s η molecular
components and couplings) of the lowest-lying jpiq¯ =
1
2
+
Ds charm-strange meson doublet, determined from the fits to the
lattice energy-levels obtained for each of the two lattice pion mass ensembles (I and II) calculated in Ref. [38], and using either
Set A or B of bare CQM masses (see discussion in Sec. II C). S-wave isoscalar D(∗)K scattering lengths (a) are also given, which
are related to the amplitudes at threshold by T
[
s = (MD(∗) +mK)
2
]
= −8pia (MD(∗) +mK), as in Ref. [38]. All these infinite
volume quantities have been computed using physical meson masses. LQCD energy-levels and those determined in this work
are shown in Figs. 1 and 2. Statistical 68%-CL errors on the best fit parameters and derived quantities are calculated from the
distributions obtained after performing a sufficiently large number of fits to synthetic sets of LQCD data, as explained in the
caption of Fig. 1. In addition, the c − Λ correlation coefficients are −0.81,−0.93, 0.08 and −0.80 for fits AI, AII, BI and BII,
respectively. Besides, in the Set C rows, we give the results obtained from a one-parameter (UV cutoff Λ)-fit that corresponds to
an scheme where the LQCD energy-levels are described using finite-volume untarized LO HMChPT amplitudes. This is to say,
the LEC c is fixed to zero, and therefore the contributions to the amplitudes of the exchange of even-parity charmed-strange
CQM mesons are neglected. The volume dependence of the 0+ and 1+ energy-levels determined within this latter scheme are
shown in Fig. 3 for the two lattice pion mass ensembles (I and II).
parameters infinite volume predictions
Set Ensemble Jpi
◦
mcs¯ c Λ χ
2/dof Mb PD(∗)K PD(∗)s η
aD(∗)K gD(∗)K gD(∗)s η
[MeV] [MeV] [MeV] [%] [%] [fm] [GeV] [GeV]
A
I
0+ 2511
0.62± 0.04 663+23−27 1.8
2335± 2 67± 1 2.1± 0.2 −1.41+0.05−0.06 10.6± 0.2 5.43± 0.08
1+ 2593 2465± 2 57± 1 1.9± 0.2 −1.16+0.03−0.04 12.1+0.3−0.2 5.83± 0.06
II
0+ 2511
0.61± 0.09 710+70−60 3.1
2331± 3 64± 2 2.4± 0.4 −1.29+0.07−0.08 10.9+0.4−0.3 5.6± 0.1
1+ 2593 2460± 3 55+2−1 2.2+0.4−0.3 −1.07+0.05−0.06 12.2+0.5−0.4 6.0± 0.1
B
I
0+ 2383
0.71± 0.01 426± 14 18.6 2330± 2 51± 1 0.51± 0.06 −1.36± 0.05 11.8
+0.1
−0.2 4.95± 0.1
1+ 2570 2485± 2 67± 1 0.51± 0.07 −1.79± 0.09 11.0+0.2−0.3 4.9± 0.1
II
0+ 2383
0.57+0.07−0.08 580
+80
−50 18.0
2320± 4 45+2−1 1.2+0.3−0.2 −1.04+0.09−0.08 11.0+0.5−0.6 5.0± 0.1
1+ 2570 2477± 4 60± 2 1.3+0.4−0.2 −1.40± 0.1 11.1+0.4−0.5 5.3+0.2−0.1
C
I
0+ −
0 fixed 1141± 14 4.5 2323± 2 65± 1 5.67± 0.07 −1.10± 0.03 10.9± 0.1 6.59± 0.04
1+ − 2463± 2 65± 1 5.64± 0.07 −1.08± 0.03 11.7± 0.1 7.03± 0.05
II
0+ −
0 fixed 1140± 20 2.5 2323± 3 65± 1 5.66± 0.1 −1.11± 0.05 10.9± 0.2 6.58± 0.07
1+ − 2463± 3 65± 1 5.64± 0.1 −1.08± 0.04 11.7± 0.2 7.03± 0.07
TABLE IV. Infinite volume properties of the second pole,
resonance located above the D(∗)K threshold, that appears
in the unitarized amplitudes considered in Table IV. Note
that now the couplings are complex in general, and we only
give here the moduli.
Set Ensemble Jpi MR ΓR |gRD(∗)K | |gRD(∗)s η|
[MeV] [MeV] [GeV] [GeV]
A
I
0+ 2689+25−18 85± 4 3.5+0.1−0.2 3.7± 0.2
1+ 2772+24−18 98± 5 4.3+0.1−0.2 3.8± 0.2
II
0+ 2684+53−45 85
+8
−13 3.6
+0.1
−0.5 3.6± 0.4
1+ 2767+51−44 98
+10
−16 4.4
+0.1
−0.4 3.8± 0.4
B
I
0+ 2602± 8 97± 3 3.4± 0.2 4.2± 0.1
1+ 2797± 7 91± 2 2.2± 0.3 4.6± 0.1
II
0+ 2527+33−32 101
+7
−17 4.9
+0.1
−0.3 3.2± 0.3
1+ 2713+36−35 88
+5
−12 4.5
+0.2
−0.4 3.5
+0.4
−0.3
small for both mesons, of the order of 2%. The LQCD
studies of Ref. [38–40] showed a non-zero overlap of the
energy-levels related to the D∗s0(2317) and Ds1(2460) and
meson-meson lattice interpolating fields, but no precise
information was provided on the percentage of meson-
meson channels in the wave function of these states.
Only in the latest work of Ref. [38], the compositeness
probability is studied, and found to be 1 within errors
(around 20-30%) for both states.
The large molecular probabilities found in this work
confirm those reported in previous works [47, 48, 51] that,
employing also unitarized meson-meson amplitudes, had
already obtained molecular components of around 70%
for the D∗s0(2317), as mentioned in the Introduction. In
what respects the Ds1(2460), the authors of Ref. [47]
found a molecular probability of 0.57± 0.22 also in good
agreement with our findings, although with a much larger
error. The interesting and novel aspect of the present
calculation is that the LO HMChPT interactions have
been supplemented by those driven by the exchange of
even-parity charmed-strange CQM mesons, and thus the
couplings of CQM cs¯ and P (∗)φ degrees of freedom have
been explicitly taken into account.11
11 Other studies have done something similar (e.g. Ref. [47]) by
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In Ref. [42] two-meson loops and CQM bare poles
are also coupled. For the latter, the values of the bare
masses are the same as those used here. The D(∗)K
interactions are derived from the same CQM used to
compute the bare states, instead of using HMχPT. The
3P0 model is employed to couple both types of degrees
of freedom, and the quark model wave functions provide
form-factors that regularize the meson loops. Thus, all
the inputs in this approach are constrained/determined
from previous studies. The masses of the 0+ and 1+
states found in Ref. [42] are about 10 and 25 MeV
higher than the experimental ones, respectively. The
coupling of the CQM mesons to the DK and D∗K
thresholds is crucial to simultaneously lower the masses
of the corresponding D∗s0(2317) and Ds1(2460) states
predicted by the naive quark model. Such effects are
of the order of 60 and 85 MeV in the 0+ and 1+
sectors, respectively. However, in the study carried out in
Ref. [42], the one-loop corrections derived in Ref. [5] are
taken into account, and they lower the predicted mass of
the D∗s0(2317) by more than 100 MeV. At this respect, we
should repeat once more that the simultaneous analysis
of the 0 and 1+ LQCD energy-levels of Ref. [38] carried
out in this work strongly disfavors such corrections.
Molecular probabilities are reported in Ref. [42] to be
around 33% and 54% for the D∗s0(2317) and Ds1(2460),
respectively. Though the latter one turns out to be
in a nice agreement with our results, the former one
is around twice smaller than that found here and in
previous works [47, 48, 51], and it would contradict a
dominant molecular picture for the Ds0(2317). Moreover,
this disparity between the molecular components in the
scalar and axial states might also question that the
D∗s0(2317) and Ds1(2460) could form a HQSS doublet.
Within our scheme, it is however natural to assign these
two states to the jpiq¯ = 1/2
+ HQSS doublet, assignation
that gets further support from the observation that
the experimental mass splitting between these two
resonances is remarkably similar to that between the D
and D∗ mesons. Furthermore, interpreting the D∗s0(2317)
and Ds1(2460) as DK and D
∗K bound states, the
binding energies of both states will be very similar
(approximately 46 MeV versus 54 MeV).
including in the interactions a Castillejo-Dalitz-Dyson pole [90]
to visualize a genuine (CQM) state that couples weakly to a
meson-meson component. However, those studies do not make
use of the HQSS to relate the interplay between both types
of degrees of freedom in the 0+ and 1+ sectors, which will
be fundamental to disfavor the Set B of CQM bare masses
used in the study of Ref. [42], that will be discussed in the
next paragraph, and that claimed a much smaller (∼ 30%)
molecular components for the D∗s0(2317). Moreover, in some of
these studies chiral symmetry is not fully used to constraint the
P (∗)φ interactions, and different solutions were obtained with
many sets of parameters, obviously correlated, though the claim
in Ref. [47] was that the particular values of the parameters did
not have a special significance, and all of them led to similar
hadronic-molecular probabilities [47].
The couplings of the D∗s0(2317) and Ds1(2460) to
D(∗)K and D(∗)s η are also compiled in Table III. We see
that the coupling of both states to the latter channel,
though around a factor two smaller than to D(∗)K, is not
negligible.12 The analysis adopted in the original LQCD
work of Ref. [38] led to gD(∗)K couplings of 11.0±1.3 GeV
and 13.8 ± 1.3 GeV for the D∗s0(2317) and Ds1(2460),
respectively. These values are in good agreement with
the values found in this work. We would like to stress
that the clear similarities between the couplings of both
resonances reinforces our conclusion that they form a
HQSS doublet. Moreover, the D∗s0(2317) and Ds1(2460)
should be heavy-flavor partners of the B¯s scalar and axial
mesons found in Ref. [61] at 5709± 8 and 5755± 8 MeV,
respectively. Note that the mass shift, due to the breaking
of HQSS, is much smaller in the bottom sector, and it
turns out to be quite similar to (MB¯∗−MB¯), as expected.
Note that the predictions of Ref. [61] for the bottom
sector agree quite well with those found in Ref. [36],
obtained within a covariant formulation of unitary chiral
perturbation theory involving charm mesons.
3. D(∗)K scattering lengths
The D(∗)K scattering lengths are negative (see Ta-
ble III), compatible with the interpretation of the
D∗s0(2317) and Ds1(2460) as bound states. Indeed, the
zero-range approximation, a0 = −1/(2µB) 12 [B > 0 and
µ are the D(∗)K binding energy and reduced mass, re-
spectively], provides already the first significant digit (−1
fm). This simple formula also anticipates that |aDK | >
|aD∗K |. Our predictions for the scattering lengths are
consistent, within errors, with previous lattice determi-
nations [38–40], and the bulk of the small differences ex-
isting among central values can be explained in terms
of the differences between binding energies. The uncer-
tainties on our estimates are significantly smaller than
those affecting the LQCD ones. This is in line with the
previous discussion about the errors on the masses of
the D∗s0(2317) and Ds1(2460) resonances, and it shows,
once more, that the present analysis of the LQCD energy-
levels leads to more precise results than those based on
the Lu¨scher’s relation using the effective range approxi-
mation.
4. Second pole: resonances
Within the current scheme, the amplitudes include an
explicit pole. It is therefore reasonable to assume that
12 The much larger differences found for the molecular probabilities
are due, not only because it appears the square of the couplings,
but also because the large distance of the D
(∗)
s η thresholds to
the masses of the resonances.
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the CQM bare state does not disappear, but it gets
dressed by the meson-meson interaction moving into the
complex plane. In addition to a mass shift, the new state
acquires a width since it can decay into S-wave D(∗)K
and D
(∗)
s η meson-pairs. The position and couplings of
these extra poles, located in the SRS of the amplitudes,
are collected in Table IV. We see that both in the 0+ and
1+ sectors, the resonances are relatively broad (85(4) and
98(5) MeV), respectively) and have similar couplings13
to D(∗)K and D(∗)s η. On the other hand, the couplings
of these resonances to D(∗)K are around a factor of
three smaller than those of the D∗s0(2317) and Ds1(2460)
states.
The masses of these higher states are 175 (330) and 110
(270) MeV above the D
(∗)
s η (D(∗)K) threshold. Thus,
we should take these results with some caution, since
most likely they should be affected by sizable higher
order chiral corrections and higher threshold-channels
corrections. In other words, they are not as theoretically
robust as those concerning the lowest-lying D∗s0(2317)
and Ds1(2460) states. As mentioned, these additional
resonances are likely originated from the bare cs¯-quark-
model poles that are dressed by the D(∗)K and D(∗)s η
meson loops. In that case, the bare poles have been highly
renormalized, moving to significant higher masses and
acquiring a significant width. We should also bear in
mind that radial excitations (23P0) of the CQM states [8]
or D(∗)K∗ two-meson loops, neither of them taken into
account in this study, might lie in this region of energies,
then having a certain impact in the dynamics of these
resonances.
B. LO and NLO unitarized HMChPT analysis
1. LO HMChPT energy-levels
In addition to the results shown in the previous
sections, where a CQM pole was added to the LO D(∗)K
interaction, it is enlightening to discuss whether we are
able to describe the lattice data without any CQM cs¯
contribution. To explore this scenario, we have performed
an additional one-parameter (UV cutoff Λ)-fit, where the
LQCD energy-levels are described using finite-volume
untarized LO HMChPT amplitudes. Thus the LEC c
is set to zero, and consequently the contribution to the
amplitudes of the exchange of the CQM mesons vanish
as well. This fit is labeled as Set C in Table III, and the
obtained 0+ and 1+ energy-levels, as a function of the
box-size, are shown in Fig. 3.
We find a quite reasonable description of the LQCD
data, and the infinite volume properties of the lowest-
lying states agree well with those deduced using the Set A
13 The couplings are now complex in general, and we refer to the
moduli.
of CQM bare masses, though molecular probabilities and
couplings of the Ds1(2460) and D
∗
s0(2317) are now much
more similar.14 Note that the CQM exchange potential
induces some HQSS breaking corrections, driven by the
0+ and 1+ cs¯ bare mass-shift, and the fact that these
contributions have been eliminated might explain the
found pattern of probabilities and couplings. The more
distinctive difference, however, is that the UV cutoff
is around 1100 MeV. This is to say, the new UV
cutoff is around 400 MeV higher than the values needed
when the contribution of the CQM meson exchanges are
kept. That reveals that higher order chiral corrections,
previously effectively accounted for by means of the CQM
pole, are not negligible. Conversely, taking into account
explicitly the exchange of (bare) CQM mesons is not
crucial to describe the D∗s0(2317) and Ds1(2460) states,
because such contributions can be accommodated by
appropriately modifying the finite contributions derived
from short-distance physics. This is expected since the
CQM bare states lie far from the latter physical states,
for which the unitarity meson loops play a fundamental
role.
The UV cutoff Λ is expected to be larger than the wave
number of the states (∼ 200 MeV) and, at the same time,
small enough to prevent it from inducing large HQSS
breaking corrections. From this perspective, one might
think that values in the range of 1.1 GeV, comparable to
the mass of the charm quark, do not seem appropriate
within the spirit of an EFT based on HQSS. However, one
should bear in mind that here we are using a Gaussian
UV regulator, which will approximately correspond to a
sharp-cutoff, qmax, smaller by a factor
15
√
pi/8 [52]. Thus,
in terms of a sharp-cutoff, we are dealing with values of
the order of 700 MeV that are more acceptable from the
point of view of a HQSS EFT.
The Set A of Gaussian regulators found in Subsec. III A
would correspond to sharp cutoffs of the order of 400-
450 MeV, which are still larger than the wave number
of the D∗s0(2317) and Ds1(2460) states. Nevertheless, we
should remind here that the CQM bare masses are not
observables, and they depend on the UV renormalization.
Here we have fixed the CQM masses, and thus the
fitted cutoffs should be understood as those needed to
effectively account for higher order chiral corrections,
when these bare poles are incorporated [67]. This also
hints to a certain scale for which the CQM of Ref. [42]
might match the chiral EFT.
14 We find PD(∗)K ∼ 65% and PD(∗)s η ∼ 6% for both states, and
adding the probabilities, we obtain molecular components above
70% in the wave-functions of both mesons. On the other hand,
the higher D
(∗)
s η channel becomes also more important in their
dynamics.
15 Note that the Gaussian regulator introduced in [52] and that
used here are related by an extra factor 1/
√
2.
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FIG. 3. Same as Fig. 1, but in this case the predictions have been obtained after neglecting the contribution to the amplitudes
of the exchange of intermediate even-parity charmed-strange CQM mesons, i.e., setting c = 0 and evaluating the energy-levels
using finite-volume unitarized LO HMChPT amplitudes. The besfit UV cutoff in this scenario and some derived quantities are
given in the Set C rows of Table III.
2. NLO HMChPT energy-levels
Within this context, it seems appropriate to calculate
the energy-levels obtained from the unitarized HMChPT
NLO amplitudes [49] described in Subsec. II D. As in
the previous subsection, the exchanges of CQM bare
poles are not included. Indeed, as we have discussed
above, considering such contributions, together with the
NLO corrections, might lead to some double-counting
problems. In Appendix A, we briefly study the relation
between the NLO LECs determined in Ref. [48] and the
parameters of the bare CQM pole found in this work.
The UV divergences are renormalized in Ref. [49]
by using subtracted meson loop functions instead of
a sharp-cutoff. However, both schemes can be related
(see for instance the discussion in Appendix A of
Ref. [79]), and the subtraction constants determined in
[48] correspond, in good approximation, to a sharp-cutoff
qmax = 0.72
+0.07
−0.06 GeV, similar to the values mentioned
in the previous discussion.
Results are shown in Fig. 4, where we see that this
scheme provides a more than acceptable description of
the 0+ and 1+ LQCD data, for both pion mass ensembles,
despite having set all LECs to the values determined in
Ref. [48]. We emphasize that, therefore, the energy levels
shown in the different panels of the figure are predictions
and do not imply any fine adjustment of any type of
parameter.16 We find this remarkable, and together with
the similar good description found in Ref. [55] of the
(S, I) = (0, 1/2) LQCD low-lying energy levels calculated
in Ref. [58], provides a great support for the finite-volume
amplitudes obtained after unitarizing the NLO HMChPT
amplitudes derived in Refs. [48, 49]. Hence, the D∗0(2400)
two-pole structure and the SU(3) pattern17 of the 0+
and 1+ heavy-light sectors claimed in Ref. [55] seem
rather robust from the theoretical point of view. All
these results reinforce the new paradigm to study the
spectrum of heavy-light mesons [56], and that questions
16 We should mention that the untarized NLO HMChPT de-
scription of the LQCD energy levels shown in Fig. 4 might
be improved by allowing for a slight variation of the LECs,
which could, for example, effectively account for some discretiza-
tion/finite volume errors etc. Note that, in addition, these sys-
tematic errors could be also different to those affecting the lattice
study of scattering lengths carried out in Ref. [48]. Nevertheless,
the second levels are quite far from the thresholds, and one might
need to explicitly include higher order chiral corrections. Other-
wise, the re-fitted NLO LECs would be biased, since they would
effectively account for those contributions. All of this is beyond
the scope of the present work.
17 Among other predictions, we point out that the lower D∗0(2400)
resonance (located at 2105(8)−i102(12) MeV) and theD∗s0(2317)
state would be siblings forming a 3¯ SU(3) multiplet. The same
can be said of the new D∗1 resonance (located at 2240(6) −
i93(9) MeV) and the Ds1(2460) state in the 1+ sector. All these
features have counterparts in the bottom sector as well.
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FIG. 4. Volume dependence of the energy levels predicted using the unitarized NLO HMChPT amplitudes of Refs. [48, 49]
compared to the lattice results of Ref. [38]. Exchanges of intermediate CQM mesons are not included, and the distribution
of panels is the same as in Fig 1. There are no fitted parameters involved in these predictions since all LECs that appear in
the definition of the chiral amplitudes were determined from the lattice calculation [48] of the S-wave scattering lengths in
several (S, I) sectors. The 68% CL uncertainty bands depicted in the plots are inherited from the errors on the LECs quoted
in Ref. [48].
its traditional interpretation in terms of constituent Qq¯
degrees of freedom.
C. DK S-wave Phase shifts
Here we will show predictions for DK S-wave scat-
tering phase-shifts [see Eq. (16)], and will take the op-
portunity to discuss few aspects of the renormalization
dependence of the scheme. For the sake of brevity, we will
not address the rest of channels. In this subsection, we
will always show results obtained for infinite volume, us-
ing physical meson masses, and the Set A of bare masses
to incorporate the CQM degrees of freedom.
The behavior of the phase shifts at threshold depends
strongly on the position of the S-wave DK pole, as
can be seen in the bottom panel of Fig. 5. Thus, and
to make the discussion meaningful, we will consider
approaches leading to the same D∗s0(2317) mass value,
2315+18−28, obtained in the unitarized NLO HMChPT
approach [48, 49], and whose central value is quite close
to the experimental one. Details can be found in Table V,
while the related phase shifts are shown in the left panels
of the first two rows in Fig. 5.
Looking at the results of Table V, we first stress
the dependence of the UV cutoff on the LEC c,
or viceversa the dependence of c on Λ, for a fixed
CQM bare mass. The latter should be also understood
as a renormalization scheme dependent quantity. All
these three parameters (c,Λ,
◦
mcs¯) should effectively
incorporate higher order chiral corrections beyond LO,
and not accounted by the unitarity loops (see also
the discussion in Appendix A). One expects that these
further corrections should be rather independent of the
short distance physics at energies moderately far from
threshold. However predictions might significantly differ,
lets us say above 2450 or 2500 MeV. Indeed, we have
an indication from the masses and widths of the possible
second (higher resonance) state compiled in the table.
We see that for c = 0.3, a narrow resonance (28 MeV)
is generated at around 2557 MeV, that would produce
clear signatures, not seen, in the second energy level
calculated in Ref. [38]. The other schemes either do not
generate any resonance (c = 0 and NLO) or it is located
close to 2700 GeV (c = 0.61) and it is sufficiently broad
to become unnoticed for energies below 2600 MeV. The
conclusion is that the c = 0.3 predictions above 2500
MeV are unreliable, and that the exact location of the
resonance generated for c = 0.61 is not well constrained
by the data of Ref. [38]. On the other hand, we appreciate
a variation pattern for c consistent with the physical
interpretation of this LEC, and thus the total molecular
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TABLE V. Three different sets of c− Λ pairs leading to the same D∗s0(2317) mass (2315+18−28) obtained from the unitarized LO
HMChPT+CQM approach. The UV cutoff Λ is fitted to reproduce the above mass, that it is deduced from the unitarized
NLO HMChPT T−matrix [48]. The uncertainties in the D∗s0(2317) mass, inherited from the errors on the LECs, are taken into
account and lead to the errors on Λ. We first generate synthetic sets of LECs, according to the correlated error distributions
given in Ref. [48]. Next, we find the position of the D∗s0(2317) pole for each set of LECs, and finally, for each parameter c, we
tune the UV cutoff to reproduce this mass. In this way, we determine the error distributions of the cutoffs that are also used
to estimate the uncertainties on the derived quantities (S-wave DK scattering length, mass and width of the higher –dressed–
resonance, D∗s0(2317) molecular probabilities and couplings) given in the table. Predictions for the latter quantities from the
unitarized NLO HMChPT approach [48, 49] are compiled in the last row. Finally note that the choice c = 0.61 is motivated
by the Set A of results in Table III, which 0+ CQM bare mass is always employed in this table.
c Λ MD∗s0 gDK gDsη PDK PDsη aDK MR ΓR
[GeV] [MeV] [GeV] [GeV] [%] [%] [fm] [MeV] [MeV]
0 1.19+0.18−0.13 2315
+18
−28 11.3
+0.7
−1.0 6.7
+0.2
−0.4 61
+8
−10 5.9
+0.3
−0.7 −1.00+0.23−0.30 − −
0.30 1.05+0.18−0.13 2315
+18
−28 11.2
+0.7
−1.0 6.3
+0.3
−0.4 58
+8
−9 4.7
+0.4
−0.7 −0.98+0.23−0.30 2557+1−2 28+2−4
0.61 0.81+0.17−0.12 2315
+18
−28 11.7
+0.7
−1.0 6.0
+0.3
−0.5 57
+8
−9 3.0
+0.6
−0.7 −1.04+0.24−0.31 2686+7−5 90+2−6
NLO 2315+18−28 9.5
+1.2
−1.1 7.5± 0.5 54± 4 13+6−10 −0.84+0.17−0.23 − −
probability decreases from (67±10)% down to (60±9)%,
when c varies from 0 to 0.61. Scattering lengths are
mostly determined by the common D∗s0(2317) mass and
do not show statistically significant variations, as it also
occurs for the couplings. Paying attention now to the
NLO results, we find that they coincide reasonably well
with those found using LO HMChPT amplitudes, thanks
to the freedom in the latter to re-adjust the cutoff.
Finally, it could be surprising that the DK molecular
probability, obtained within the NLO scheme, is only
54 ± 4%, when a value of ∼ 70% was claimed in the
original work of Ref. [48]. This discrepancy is due to the
use in the latter work of the Weinberg compositeness rule
[50], that provides the molecular probability in terms of
the scattering length and the DK wave number γB ,
PDK ∼ − aDK
aDK + 2/γB
, γB =
√
2µB, (31)
which leads to one, in the limiting case when the scat-
tering length is approximated by −γ−1B (very loosely
bound states), neglecting finite effective range correc-
tions. Indeed, using the relation of Eq. (31), one obtains
PDK ∼ 70±4 %, as obtained in Ref. [48]. Note, however,
that Eq. (31) has corrections due to the D∗s0(2317) bind-
ing energy [47], which is not too small (∼ 46 MeV), and
possible inelastic effects [82], which should bring the 70%
down to the more accurate estimate found in the present
work.
Coming back to the phase shifts shown in the left
panels of Fig. 5, we see that different schemes produce
compatible phase shifts close to threshold, while the
differences become larger as the energy increases. Thus
for instance, the c = 0.3 phase shifts suddenly change
curvature above 2500 MeV, but as we discussed above
such behaviour, produced for a narrow resonance at
2557 MeV (see Table V), is not compatible with the
higher 0+ LQCD energy level reported in Ref. [38]. Above
2450 MeV the rest of schemes lead to differences in
the phase shifts of few degrees, and at most of around
15◦ at 2550 MeV. However, taking into account the
uncertainties of the different predictions, phase shifts are
almost compatible up to this latter energy.
We now discuss about the dependence of the analysis
on the regulator scheme. To this end, we consider the loop
matrix function G renormalized by one subtraction, as in
Refs. [48, 49]. Suppressing the indices, the loop function
is written for each channel as,
G(s) = G¯(s) +G[(M +m)2]. (32)
The finite function G¯(s) can be found in Eq. (A9) of
Ref. [80]. On the other hand, the constant G[(M +m)2]
contains the UV logarithmic divergence. After renormal-
izing using dimensional regularization, one finds,
G[(M +m)2] =
1
16pi2
(
a(ν) +
1
M +m
[M ln
M2
ν2
+m ln
m2
ν2
]
)
(33)
where ν is the scale of the dimensional regularization.
Changes in the scale are, in principle, reabsorbed in the
subtraction constant a(ν), so that the results remain
scale independent. Here we have taken ν = 1 GeV and
a common subtraction constant a(1 GeV) = α for both
DK and Dsη channels, as in Refs. [48, 49]. We have now
constrained the LEC α to obtain the same D∗s0(2317)
mass (2315+18−28), as in Table V, for each value of the
parameter c. The results are presented in Table VI.
Comparing these latter results with those in Table V,
we see that the predictions, within uncertainties, are
consistent in the two renormalization schemes. There
is a slight dependence, and the D∗s0(2317) coupling
to DK and the modulus of the scattering length are
smaller and closer to those deduced from the NLO
approach. Molecular probabilities are somewhat larger,
specially PDsη that becomes almost twice bigger. As a
consequence, the total hadronic molecular component is
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TABLE VI. Same as Table V, but using a different procedure to renormalize the meson loop matrix G(s). Here, as in
Refs. [48, 49], we have used dimensional regularization with a subtraction constant α (see Eq. (33) and the related discussion),
which is adjusted to reproduce the D∗s0(2317) mass.
c α MD∗s0 gDK gDsη PDK PDsη aDK MR ΓR
[MeV] [GeV] [GeV] [%] [%] [fm] [MeV] [MeV]
0 −1.87+0.10−0.13 2315+18−28 10.2+0.7−0.9 6.6+0.2−0.3 63+7−8 10+0.1−0.4 −0.90+0.21−0.27 − −
0.30 −1.77+0.11−0.14 2315+18−28 10.0+0.7−0.9 6.2+0.2−0.3 60+6−7 9.0+0.1−0.4 −0.87+0.20−0.27 2559.8+0.2−0.4 23+2−3
0.61 −1.60+0.11−0.14 2315+18−28 10.1+0.8−0.9 5.8+0.2−0.3 61+6−7 8.0+0.1−0.4 −0.88+0.20−0.27 2704+3−2 88+5−7
NLO 2315+18−28 9.5
+1.2
−1.1 7.5± 0.5 54± 4 13+6−10 −0.84+0.17−0.23 − −
now roughly 70 ± 10%. The dependence on c follows
a similar pattern as in Table V, and the importance
of the Dsη channel decreases as the value of the
LEC c increases. Finally, the results concerning the
higher–dressed–resonance pole position are similar in the
two renormalization schemes. Thus from the previous
discussion, the c = 0.3 predictions for energies above
2500 MeV turn out to be little reliable also in this scheme.
The phase shifts deduced from the various possibilities
discussed in Table VI are shown in the right panels of
the first two rows in Fig. 5. We see, the c = 0.3 phase
shift above 2500 MeV presents the same pathologies as
in the left top panel, where an UV Gaussian cutoff is
used. It is interesting to note that the c = 0 and c = 0.61
phase shifts have smaller errors, the two sets of phase
shifts are still statistically compatible, but in addition,
they now agree quite well with the NLO predictions, and
also qualitatively with those found in Ref. [77]. Thus,
the renormalization scheme dependence, while it is not
much relevant for the D∗s0(2317) properties, turns out
more important for the phase shift at energies above
2450 MeV, as one could reasonably expect from the
previous discussions. This clearly could be regarded as a
source of systematic uncertainty, though up to 2550 MeV
remains smaller/comparable to the other uncertainties of
the predictions accounted for the error bands depicted in
Fig. 5.
IV. SUMMARY AND CONCLUDING
REMARKS
In this work we have first carried out a coupled channel
study of the 0+ and 1+ charm-strange meson sectors em-
ploying a chiral unitary approach based on LO HMChPT
P (∗)φ interactions, and that incorporates, consistently
with HQSS, the interplay between intermediate CQM
bare cs¯ and P (∗)φ degrees of freedom. We have extended
the scheme to finite volumes and fixed the strength of
the coupling between both types of degrees of freedom to
the available 0+ and 1+ LQCD energy-levels [38], which
we have successfully described. On the other hand and at
variance to the situation in the bottom-sector reported
in Ref. [61], we have found that the 0+ and 1+ CQM
bare masses (denoted as Set B in this work) obtained
in Ref. [78] using the one-loop corrections to the CQM
OGE potential proposed in Ref. [5], lead to a really poor
description of the LQCD data. This is because the HQSS
breaking corrections induced by this modification of the
OGE potential are inconsistent with the LQCD energy
levels calculated in Ref. [38].
We have estimated the size of the the D(∗)K two-
meson components in the D∗s0(2317) and Ds1(2460),
and conclude that these states have a predominantly
hadronic-molecular structure. Furthermore, we have ob-
served a quite significant dependence of the lowest-lying
LQCD energy-levels of Ref. [38] on the pion mass, which
is difficult to accommodate by a dominant CQM cs¯
component. This is, however, consistent with having a
large influence of the P (∗)φ loops in the D∗s0(2317) and
Ds1(2460) structure.
In addition, we have found one extra resonance, in both
the 0+ and 1+ sectors, arising from the dressed CQM
states. Our predictions for these states are not as robust
as those for the low lying D∗s0(2317) and Ds1(2460),
and moreover they are relatively broad, which might
complicate their discovery. Some experimental efforts are
needed to clarify their possible existence.
The LEC c depends on the radial quantum number,
but not on the heavy flavor, up to ΛQCD/mQ corrections.
Thus, the value determined here for this parameter
should be similar to that found in the bottom-strange
sector in Ref. [61]. There, it was obtained c = 0.75(6),
which is quite compatible with the values in the range
0.52–0.70 found in this work for the Set A of CQM
bare masses. Note that in addition to heavy flavor
symmetry breaking corrections, there might be also
some discretization errors. Nevertheless, we have shown
that taking into account explicitly the exchange of
(bare) CQM mesons is not fundamental to describe the
D∗s0(2317) and Ds1(2460) states, since such contributions
can be accommodated by appropriately modifying the
finite contributions derived from short-distance physics.
This is natural because the CQM bare states lie far from
the latter physical states, for which the unitarity meson
loops play a fundamental role.
We have discussed how the approach followed here,
where the two meson loop function is computed in a
finite volume, the unknown LECs are determined from
fits to the LQCD data, and finally poles are searched
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for in the infinite volume unitarized amplitudes using
physical meson masses, provides a theoretically sound
tool to analyze the LQCD energy-levels. We have shown
that such procedure leads to more precise predictions
that those obtained via the Lu¨scher’s relation using the
effective range approximation.
We have also calculated the energy-levels obtained
from the unitarized HMChPT NLO amplitudes derived
in Ref. [49], without including any contribution from
the exchanges of CQM bare poles. We have shown
(Fig. 4) that this scheme provides a more than acceptable
description of the 0+ and 1+ LQCD energy levels of
Ref. [38], despite having fixed all LECs to the values
previously determined in Ref. [48] (not fitted to the
energy levels). These findings, together with the similar
good description found in Ref. [55] of the (S, I) = (0, 1/2)
LQCD low-lying energy levels calculated in Ref. [58],
provide a great support for the amplitudes obtained after
unitarizing the NLO HMChPT amplitudes derived in
Refs. [48, 49]. Hence, the D∗0(2400) two-pole structure
and the SU(3) pattern of the 0+ and 1+ heavy-light
sectors claimed in Ref. [55] seem rather robust from
the theoretical point of view. All these results reinforce
a new paradigm to study the spectrum of heavy-light
mesons [56], that questions its traditional interpretation
in terms of constituent Qq¯ degrees of freedom.
Finally, we have predicted S-wave DK phase shifts and
discussed few aspects of the renormalization dependence
of our results.
Appendix A: HMChPT NLO LECs and bare CQM
pole exchange potential
The contribution of resonance exchanges to the LECs
in the NLO and NNLO chiral Lagrangian for the Pφ
interaction was discussed at length in Ref. [91]. There,
it was shown that these LECs receive contributions from
exchanging the scalar charmed mesons, the light-flavor
vector, scalar, and tensor mesons. The exchanged charm
mesons are those related to the physical resonances. Here,
however, the bare CQM states do not correspond to
the physical states, which, as we have seen, are mostly
generated by unitarity loops. Thus, it is not evident how
to proceed in our context along the lines discussed in
Ref. [91].
However, one could still relate the LECs appearing at
NLO in the HMChPT amplitudes derived in Refs. [48, 49]
to the bare mass of the CQM cs¯ state and its coupling to
the P (∗)φ degrees of freedom. To make the numerical
comparison meaningful, one should take into account
that full elastic unitarity is restored, through Eq. (15),
where G(s) is the renormalized two-meson loop function.
For simplicity, we will consider the single channel DK
in the chiral limit, and the LO+CQM approach with
the loop function G renormalized by one subtraction,
as in Refs. [48, 49], and discussed here in Eqs. (32)
and (33). We define an effective potential Veff(s) =(
V −1LO+CQM(s) + αc
)−1
, which is given in terms of the
HMChPT LO+ bare CQM pole exchange potentials and
the additional constant αc. The latter is defined as the
difference between the value found for G[(M + m)2] in
[48] and that determined here using α = −1.60+0.11−0.14,
subtraction constant18 corresponding to c = 0.61 in
Table VI. We make an expansion in the kaon energy and
after matching the quadratic coefficients of Veff and of the
irreducible amplitude obtained in [48], we readily find
c2
◦
mcs¯ /M
1− ◦m2cs¯ /M2
− αcM
2
f2
∼ − (h2 − h3)− (h4 − 2h5)M2,
(A1)
where hi are LECs introduced in Refs. [48, 49]. Left and
right hand sides of the above equation give 0.57+0.29−0.27 and
0.52+0.22−0.21, respectively, showing a remarkable agreement.
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FIG. 5. First two rows of plots: energy dependence of the DK S-wave phase shifts obtained using the chiral unitarized approach
of Refs. [48, 49] (NLO) compared with the results deduced including the exchange of a CQM state of mass 2511 MeV (Set
A). Predictions for three different values of the dimensionless LEC c, that controls the strength of the coupling of the bare
CQM meson and the Pφ−pair, are depicted. Note that in the case c = 0, the approach reduces to the unitarized LO HMChPT
approach followed in [61] for the bottom-strange sector, except that in this latter case the B¯sη channel was not considered. In
the left (right) panels the UV divergences, that appear in the unitarization of the LO HMChPT+CQM amplitudes, have been
renormalized using a Gaussian cutoff (subtraction constant). For details see Tables V and VI. The UV behaviour of the NLO
unitarized amplitudes is always renormalized using subtraction constants [48, 49]. Statistical 68%-CL error-bands are generated
from the uncertainties of the LECs that enter in each scheme. Bottom plot: comparison of phase-shifts for c = 0.61 using two
different UV Gaussian cutoffs, 0.71+0.07−0.06 GeV and 0.81
+0.17
−0.12 GeV. The first value corresponds to Fit AII of Table III, and the
uncertainty of ±0.09 quoted there for the the LEC c is also considered to obtain the statistical 68%-CL error-band. The second
UV cutoff is that associated to c = 0.61 in Table V, and the deduced phase-shifts are also shown in the left panel of the second
row of plots in this figure. Both sets of LECs produce different D∗s0(2317) masses, 2331± 3 MeV (Table III) and 2315+18−28 MeV
(Table V), respectively. In all cases, physical D, Ds, K and η masses have been used.
